Abstract. The metallic hollow-core nanoshell arrays were fabricated by depositing relatively thin gold films onto a cleaned silicon support covered with a close-packed monolayer of 200 nm diameter polystyrene spheres and then removing the spheres. The relationship between their morphologies and optical properties was discussed. Then, the surface enhanced Raman scattering signals of 4-aminothiophenol (4-ATP) molecules adsorbed on the nanoshell arrays were obtained with the excitation wavelength of 785 nm and 1064nm, respectively. The results show that the localized surface plasmon resonance wavelength of gold nanoshell arrays can be precisely tuned over a wide range from visible region to infrared region by controlling the shell thickness of the nanoshell arrays, as the shell thickness increases, the resonance wavelength red shifts and the spectrum width broadens due to the electric field coupling effect among the nanoshell particles, the surface enhanced Raman scattering signals can be obtained obviously at two different infrared wavelengths of 785nm and 1064nm, indicating that the fabricated nanoshell arrays can be used as the potential low-cost surface enhanced Raman scattering substrates.
Introduction
As an effective tool for high-precision trace-element analysis, surface enhanced Raman scattering (SERS) has been successfully demonstrated in various applications including environmental monitoring, medical diagnosis, biochemical sensing and other fields [1] . This huge Raman signal enhancement originates primarily from the largely enhanced local electric field near the surface of metallic nanostructures or nanoparticles due to the localized surface plasmon resonance (LSPR), which is defined as the collective oscillations of conduction electrons induced by an interacting light. It is reported that, the best Raman enhancement is reached when the LSPR wavelength is halfway between the incident laser wavelength and the molecular Stokes shifted wavelength for a fixed Raman shift [2] . Because of the special dielectric function characteristics of metallic materials, especially gold and silver, which are often used to fabricate or synthesize nanostructures, most SERS applications are limited in the visible region. In order to reduce both the molecular fluorescence background and photo induced degradation of samples, it is necessary to expand SERS applications into the near-infrared region. Thus, various nanostructures with different morphologies, sizes, materials or arrangements are fabricated by chemical or physical methods, whose LSPR wavelengths are tuned to the infrared region by fine controlling nanostructures geometries or physical parameters, and can well be used to realize infrared SERS detection [3] . Among the most intresting nanostructures, the nanoshell nanostructures have been attracted more attention due to their advantages of simple preparation and wide LSPR tuning range. The gold nanoshell arrays synthesized by Halas group [4] have proved that the nanostructures have geometrically tunable plasmon resonance and the large, reproducible NIR SERS enhancements in the near infrared band, but the structures are easy to agglomerate and have poor stability. Van Duyne group prepared silver nanoshell arrays with microspheres template and found a better SERS enhancement effect in the near infrared, but the thickness of the material used is over 100 nanometers, the manufacturing cost is slightly high. That the Au/Ag hollow-shell assemblies on the surface of silica nanospheres can cause enhanced SERS signals in the NIR optical window are also proved by Homan Kang et al [5] , but the fabricated process is somewhat complicated. In this paper, the gold hollow nanoshell arrays with relative low-cost have fabricated using polystyrene microspheres template, the relationship between the morphologies and optical properties are analyzed, the response in the near infrared SERS are studied using 4-aminothiophenol (4-ATP) molecules.
Experiments
The whole fabrication procedure of gold nanoshell arrays is as follows. First, a uniform monolayer film of about 200nm polystyrene microspheres coated on a clean glass is prepared by spin coating method, and then the film is transferred carefully to a well cleaned Si substrate in water. Second, a thin gold film is deposited over the surface of microspheres using the magnetron sputtering apparatus with the deposition rate is about 10nm/min, so the gold film thickness can be determined by the deposition time. Finally, the nanostructures are immersed in the methylene chloride solution for 10min in order to remove microspheres and then cleaned with distilled water. The surface morphology of gold nanostructures is observed by JEM-2010 field emission scanning electron microscopy (SEM).
Optical properties of the fabricated nanostructures are measured by a home-built reflection spectral measurement system. White light beam from tungsten lamp is separated into monochromatic lights by a monochromator, and guided to 1 illumination fiber of 6*1 fiber buddle using a focus lens and incident onto the nanostructures from the vertical direction with the spot size is 3mm. The reflected light is collected by 6 collection fibers and coupled into the Si and InGaAs detectors to obtain spectra in the wavelength range from 400nm to 1800nm. All reflectance spectra are collected against white light as a reference.
To demonstrate the SERS enhancement, 4-ATP is chosen as the probe molecule, which has the typical Raman frequency shifts of 390cm -1 , 1077cm-1 and 1590cm -1 [6] . After immersing the fabricated nanostructures into the 10 -6 mol/L 4-ATP solution for two hours, the samples then dried in air and their SERS spectra are acquired by a BWTEK MiniRam model Raman spectrometer and Nicolet Nexus Fourier Raman spectrometer with the excitation wavelength of 785 nm and 1064nm, respectively. Figure 1 shows the SEM images of fabricated gold nanostructures with different deposition times (30s, 50s, 70s and 90s). It can be seen that when the deposition time is 30s, the nanoparticles in the nanostructures are non-uniform distributed and the particle shape, size and spacing gap changes greatly; when the deposition time is greater than 30s, the particles have almost spherical surface and are better distributed with a hexagonal-packed arrangement, the size is slightly smaller than the diameter of a microsphere for 200nm, and the interparticle gap is about 30nm. As the deposition time increases, the shell thickness becomes thicker, which makes the hollow shell is not easy to deform or shrink. However, since the nanoshell particle thickness is only nanometer thickness, which is so small relative to the particle size of 200nm that it is much difficult to distinguish the gap width precisely from the images.
Results and Discussion
The reflection spectra for different nanoshell arrays with various deposition times are shown in Figure. 2. It is seen that the reflectance maximum and minimum values appear in all the spectra, the reflectance peak corresponding to the maximum value locates at about 500nm, its position is basically not changed as deposition time increases, however, the reflectance peak corresponding to the minimum value red shifts from 650nm to 1150nm as the deposition time increases from 30s to 90s, as well as the spectral width broadening and reflectivity decrease. Therefore, by controlling the gold film deposition time, the optical properties of nanoshell arrays can be precisely controlled. The reflectance peak at 500nm is the result of the overlapped spectra for the intraband transitions of sp electrons and interband transitions of sp-d electrons in gold materials, and the peak in reflectance minima corresponds to the LSPR wavelength due to the high loss in excited light energy. It is well-known that, for a single nanoshell particle, if the inner core size is unchanged, the LSPR wavelength should shift to shorter wavelength as the shell thickness increases [7] . Thus, the red shift of nanoshell arrays can not be explained by the increase in shell thickness. Actually, if the nanostructures consist of many particles, where the interparticle distance is much smaller than the particle size, also far smaller than the incident wavelength, the near field coupling between neighbored particles is so strong that it can lead the LSPR wavelength move to the longer wavelength as the particle spacing gap decreases. The smaller distance between particles will make stronger electric field coupling, which induces the resonance wavelength redder shift. The wavelength shift rate gets an approximate index increase as the particle spacing gap decreases, and this relationship is independence of the nanoparticle morphology, size and other factors. Moreover, the more particles get involved in coupling effect, the redder LSPR wavelength shifts [8] . In general, as far as the fabricated nanostructures are concerned, the LSPR wavelength shift contribution from the increased near field coupling interaction between particles is always stronger than the contribution from the increased shell thickness, thus the resonance wavelength moves to longer wavelength as the film thickness gets thicker. In addition, as the excitation wavelength increases, the imaginary part of the dielectric constant of the gold material also increases, indicating that the electrons collision probability is more frequent and have a shorter life expectancy, which leads the spectral width broader as the LSPR wavelength gets longer. Meanwhile, electric coupling interaction between nanoparticles induces increased phase delay effect, which also causes the reflectance spectrum broader. Figure 3 shows the 4-ATP SERS spectra measured at four different positions of a selected sample with the deposition time of 50s. The excitation wavelength is 785nm, the detector integral time is 30s. We can see that abundant SERS signals are generated in all positions, and the intensity of 1077cm -1 SERS frequency shift is much stronger than the Raman peak intensities at 390cm -1 and 1590cm -1 in each spectrum. Moreover, the difference in the strengths of molecular spectra obtained at different positions is very little. It is indicated that the giant electric field can be generated near the surface of nanostructures as the incident light wavelength is 785nm. When the 4-ATP molecules adsorbed in these positions, the Raman signals can be greatly enhanced. Due to the sample with a uniform particle size distribution, changes in SERS strengths are small. This high activity is one of the most important factors for SERS application. It is worth noting that a strong Raman peak at 520cm -1 appears in all spectra, which is the typical Raman fingerprint of Si material. The reason is that the nanoshell thickness is very thin for the fabricated nanostructures, only tens of nanometers, and the penetration depth in the gold material is about twenty nanometers. Therefore, the excitation light can be able to penetrate the nanoshell arrays to reach the surface of the Si substrate, and excite the Si Raman signal. Figure 4 shows the measured SERS spectra for 4-ATP adsorbed in another nanoshell arrays, the deposition time is 90s, the excitation wavelength is 1064nm, and 100scans is averaged during a 1 min sample time for each spectrum. Can be seen from the figure, SERS spectra are also obtained at arbitrary four positions, the Raman frequency shifts of 390cm -1 , 1077cm -1 and 1590cm -1 can be seen clearly. Thus, SERS spectra can be produced in nanoshells arrays as the excited wavelength is 1060nm, but the SERS peak numbers produced significantly less than that produced in 785nm, and Raman SNR is also lower. We also notice that the 520cm -1 Raman peak of Si material is not observed in the spectrum. This is because the penetration depth in gold material decreases with increasing incident wavelength, and the nanostructures thickness for deposition time of 90s is relatively thicker than that of 50s, so only a small amount of the excitation light can reach the surface of the Si substrate, which produces Si Raman peak so weak that cannot be detected by the detector. The lower noise-signal ratio may be the result of the larger absorption loss for gold material in the near infrared, the higher absorption loss produces much quicker decay in surface plasmon resonance and shorter life expectancy. As the electric field strength is proportional to the accumulation of incident energy, shorter life means the shorter accumulation time, less energy, lower intensity [9] , and the local electric field and SERS enhancement factor is also small, which means weaker Raman signals. 
Conclusions
The thin gold nanoshell arrays with different shell thickness are fabricated using 200nm polystyrene microspheres template, their surface morphologes and optical properties are analyzed by SEM and reflection spectral measurement device, and their surface enhanced Raman scattering signals are measured with 4-ATP as probe molecule in the near infrared region. The results show that, the nanoshell arrays exhibit huge uniform near filed due to the uniform distribution particles with small gap between two neighbored nanoshells, and their optical properties can be simply tuned from the visible to near infrared region by only controlling the shell thickness. Moreover, the strong SERS signals can be reproducible detected using the 785nm and 1064nm excitation light, respectively. It is indicated that the nanoshell arrays can be used as a potential infrared SERS substrate with lower cost.
